T he simultaneous delivery of fixed and mobile services in digital terrestrial TV (DTT) networks is a very attractive concept, as it allows the reuse of content, spectrum, and infrastructure. However, the provision of mobile services in terrestrial networks is challenged by the more severe propagation conditions of the mobile scenario. In this context, significant gains can be achieved by exploiting the diversity over time, frequency, and space.
T he simultaneous delivery of fixed and mobile services in digital terrestrial TV (DTT) networks is a very attractive concept, as it allows the reuse of content, spectrum, and infrastructure. However, the provision of mobile services in terrestrial networks is challenged by the more severe propagation conditions of the mobile scenario. In this context, significant gains can be achieved by exploiting the diversity over time, frequency, and space.
In this article, we investigate the combined use of time and space diversity for improving the reception of mobile services in DVB-T and DVB-T2, the first and second generations of European DTT standards. For time diversity in DVB-T, we consider application layerforward error correction (AL-FEC), whereas in DVB-T2, we consider the time interleaving included at the physical layer. For space diversity, we investigate the
Introduction
The utilization of broadcasting systems for the delivery of DTT has become very common over the last decade, and DTT networks are already in place in many countries around the world. The first generation standard developed by the digital video broadcasting (DVB) consortium for the provision of DTT services was published in 1998, and is known as DVB-T (terrestrial) [1] . In 2008, the DVB published the second-generation standard, DVB-T2 [2] , which increases capacity by 50% to 70% over its predecessor.
Parallel to DTT, over the last few years there has been a growing interest in mobile TV. Since the deployment of entire new networks for the provision of mobile services is very costly from an operator's point of view, it would be desirable to exploit the wide availability of DTT networks for this purpose. Nevertheless, mobile channels are significantly more challenging than traditional fixed scenarios due to user mobility, utilization of more compact antennas, and reception at ground level. In this context, it is possible to achieve significant gains by exploiting diversity over time, frequency, and space. The improvement brought by the utilization of diversity techniques can be translated into an extended coverage of mobile services in DTT networks. Figure 1 illustrates the combined use of diversity in the three domains. In this case, the channel encountered across four antenna paths is first averaged on the receiver side in order to exploit the space diversity. The resulting signal is then passed to the forward error correction (FEC), which exploits the time and frequency diversity when decoding the codewords.
In this article, we focus on the combined use of diversity in the time and space domains. DVB-T was originally designed for stationary and portable reception and therefore does not incorporate time interleaving. Nevertheless, it is still possible to benefit from time diversity in mobile scenarios by means of AL-FEC. In contrast, DVB-T2 features a very flexible time interleaver at the physical layer, which can be configured on a service basis and provide interleaving durations ranging from a few milliseconds to several seconds. Compared with single-input, single-output (SISO), SIMO achieves space diversity by averaging the signals across multiple receive antennas. DVB-T2 also features a distributed MISO technique for improving the reception in single-frequency networks.
Previous studies in this area have focused on time and space diversity in a separate manner. For example, the use of space diversity techniques in DVB-T and DVB-T2 systems has been investigated in [3] - [5] . However, these papers did not account for the utilization of time diversity. Similarly, the use of AL-FEC for achieving time diversity was studied in [6] and [7] without considering the impact of space diversity techniques. The work presented in this paper investigates the combined utilization of time and space diversity to improve the provision of mobile services in DVB-T and DVB-T2 networks. The article also introduces the utilization of MIMO and time-frequency slicing (TFS). Although both techniques are not supported in current broadcasting systems, they are expected to become an important addition in next-generation systems.
Diversity in DVB-T and DVB-T2 Systems

Overview of Physical Layers
DVB-T and DVB-T2 are based on orthogonal frequencydivision multiplexing (OFDM). The individual carriers in the OFDM symbols can be modulated by QPSK, 16QAM, or 64QAM constellations in DVB-T, and also by 256QAM in DVB-T2. The FEC included in DVB-T is inherited from the DVB-C (cable) and DVB-S (satellite) standards, and is based on the concatenation of Reed Solomon (RS) and convolutional coding. DVB-T2 inherits the FEC coding scheme from DVB-S2 (satellite second generation) based on the concatenation of low density parity check (LDPC) and Bose Chaudhuri Hocquenghem codes. The utilization of LDPC codes allows DVB-T2 to achieve a performance close to the channel capacity in AWGN.
DVB-T2 also incorporates several features that enhance the performance and flexibility of the standard compared with DVB-T. These include the utilization of rotated constellations, additional fast Fourier transform (FFT) modes, optimized pilot patterns, extended OFDM carrier modes, and peak-to-average power ratio reduction techniques. DVB-T2 also introduces the use of physical layer pipes (PLPs) for the transportation of data. Each PLP carries a data stream and can be transmitted with a particular set of transmission parameters, including the constellation size, the code rate and the time interleaving. By means of multiple PLPs it is possible to allocate multiple use cases, for example, stationary and mobile, in the same frequency channel. Nevertheless, some parameters such as the FFT mode, the guard interval, or the pilot pattern cannot be adjusted on a service basis and must remain unchanged during the transmission of the T2 signal. The new T2-Lite profile has been recently introduced in the DVB-T2 specification [2] in order to solve this problem and facilitate the coexistence of stationary and mobile services.
Frequency Diversity in DVB-T and DVB-T2
Both DVB-T and DVB-T2 incorporate a frequency interleaver to distribute the FEC codewords across the active carriers of the OFDM symbols so that each codeword covers the entire transmission bandwidth. This way, the FEC code can average the fading in the frequency domain. The combination of FEC and interleaving in this manner generally achieves sufficient frequency diversity in the 8-MHz channels of the UHF band [3] .
Time Diversity in DVB-T and DVB-T2
DVB-T does not feature time interleaving, and the interleaving duration is generally limited to a few milliseconds. Nevertheless, time diversity can be achieved at upper layers by means of additional interleaving and FEC mechanisms. In [6] , it is proposed to use an implementation of AL-FEC based on Raptor codes that support interleaving durations up to several seconds. This implementation is backward-compatible with legacy DVB-T receivers, can be applied on a service basis, and allows the FEC decoding to be done in generic software processors without the need for any upgrades in hardware. In addition, AL-FEC supports the utilization of fast zapping to reduce the zapping time down to tolerable values ( ) 1 s 1 with interleaving durations of several seconds.
DVB-T2 includes a very flexible time interleaver at the physical layer that can provide interleaving durations ranging from hundreds of milliseconds up to several seconds at the expense of increased latency and zapping time. In particular, the zapping time in DVB-T2 is approximately one and one-half times the interleaving duration. An in-depth investigation of time interleaving in DVB-T2 can be encountered in [8] .
Space Diversity in DVB-T and DVB-T2
In order to achieve space diversity, the utilization of multiple receiver antennas or SIMO have been traditionally proposed in DVB-T/T2 for vehicular reception, since the required antenna separation at UHF frequencies is beyond the dimensions of typical handsets. SIMO techniques do not require any modification to standards or transmitters, and thus receiver manufacturers can decide whether to implement multiple antennas for improving the performance of receivers at additional expense. Multiple transmit antennas and MISO have been also proposed for DVB-T/T2 networks. In particular, cyclic delay diversity (CDD) can be implemented in OFDM systems [9] for improved performance without any modification at the receiver side. It consists in applying a cyclic delay of around 1.5-2.0 ns to the OFDM symbols that are transmitted in the second transmit antenna. This extends the delay spread of the channel and results in better frequency diversity. However, since CDD requires the implementation of multiple antennas per transmitter, it is not compatible with the current infrastructure of DVB-T/T2 networks.
DVB-T2 features a distributed MISO technique based on a modified version of the Alamouti code [10] to improve the reception in SFNs. The arrival of similar-strength signals from different transmitters in line-of-sight (LoS) scenarios can cause deep notches in the frequency response of the channel. These notches can erase a significant percentage of subcarriers and degrade the QoS in an important manner. By using the Alamouti code it is possible to combine the signals from different transmitters in an optimal way and remove the presence of notches from the channel. Distributed MISO can also improve the reception in non-LoS (nLoS) scenarios as a result of better diversity.
Performance Evaluation
In order to evaluate the use of time and space diversity in DVB-T and DVB-T2 systems, we have employed physical
dvb-T does noT FeaTure Time inTerleaving, and The inTerleaving duraTion is generally limiTed To a Few milliseconds.
layer simulations in mobile channels. The simulators of both systems have been developed in a mixture of Matlab and C code, and have been validated according to the performance results presented in [1] and [2] . The simulation parameters are illustrated in Table 1 . All the configurations used in the simulations for both DVB-T and DVB-T2 result in the same spectral efficiency of 1 bit per cell (b/cell) (OFDM subcarrier). Robust configurations of modulation and codification (MODCOD) like the ones presented in this article are better suited for mobile reception since they can provide better protection in mobile channels with sufficient capacity for low data rate services. The selected quality of service (QoS) criteria for DVB-T and DVB-T2 are the transport stream packet error rate (TS PER) 1% and the baseband frame error rate (BB FER) 1%, respectively. We also use the bit error rate (BER) after LDPC decoding in DVB-T2 and after convolutional decoding in DVB-T to compare the performance of both systems.
The channel model used for the simulations is the 6-taps typical urban (TU6) model [11] , which is representative of mobile reception for Doppler frequencies ( ) fd above 10 Hz. In order to include the presence of shadowing in the received signal, we have assumed a user moving at a constant velocity across a log-normal carrier-to-noise (CNR) map defined by its standard deviation ( ) v and its correlation distance ( ), dcorr as described in [12] .
We first compare the physical layer performance (i.e., without AL-FEC) of DVB-T and DVB-T2 in Figure 2 . The interleaving duration in DVB-T2 has been configured to 250 ms as a typical value against fast fading. In this sense, it is important to distinguish between the gains that result from fast fading and shadowing. Fast fading is caused by the combination of signals in multipath propagation scenarios. Shadowing, on the other hand, arises from the presence of obstacles such as buildings or trees. For interleaving durations lower than 1 s, the effect of shadowing is negligible and the gain of time interleaving is mainly caused by fast fading. In contrast, the gain of time interleaving for interleaving durations higher than 1 s is mostly due to the presence of shadowing in the received signal.
In Figure 2 , we can see that the incorporation of LDPC codes and time interleaving allows DVB-T2 to outperform DVB-T in about 6 dB (at BER 10 -4 ) if a single receiver antenna (i.e., SISO) is used. If two receiver antennas are used instead (i.e., SIMO), the advantage of DVB-T2 over DVB-T is reduced to 4 dB. On the other hand, the gain of SIMO goes from 6 dB in DVB-T down to 4 dB in DVB-T2 due to the utilization of time interleaving. In this case, both SIMO and time interleaving provide better protection against multipath fading, and therefore the utilization of one technique diminishes the performance of the other.
In Figure 3 , we represent the performance of DVB-T in the TU6 channel with shadowing. The MODCOD at the physical layer is 16QAM 1/2, whereas the code rate of AL-FEC is 1/2. According to Figure 3 , the utilization of AL-FEC improves the CNR in 10 dB depending on the Doppler and interleaving duration. It is important to note that the improvement of AL-FEC comes at the expense of reduced capacity due to the transmission of additional parity data. The straight lines in Figure 3 correspond to a configuration with QPSK 1/2 and without AL-FEC, which provides the same spectral efficiency (1 b/cell). The results show that depending on the Doppler, the use of AL-FEC with interleaving durations higher than 1 s (shadowing) is preferable to a more robust MODCOD configuration at the physical layer, as it enables the reception at In Figure 4 , we compare the performance of DVB-T and DVB-T2 with the outage capacity of the channel. This has been computed assuming the utilization of ideal FEC and interleaving in the TU6 channel with shadowing. The outage capacity can be considered the maximum performance possible for any broadcasting system in this channel. According to the results given in Figure 4 , DVB-T2 improves the performance of DVB-T in about 6 dB, and it is 2 dB away from the outage capacity of the channel.
In Figures 5 and 6 , we represent the gain of distributed MISO in DVB-T2 depending on the delay and the power imbalance that exists between the signals of different transmitters. In this case, the delay is expressed in relative terms as a fraction of the guard interval. As seen in Figures 5 and 6 , the gain is largest when there is no delay or power imbalance. On one hand, the presence of a power imbalance is detrimental for diversity, as it reduces the contribution of one transmitter to the received signal. On the other hand, the reception of delayed signals in SFNs is similar to the utilization of CDD, providing better frequency diversity as a result of increased delay spread. However, this is disadvantageous for distributed MISO, as the rapid variations between subcarriers in the frequency domain can reduce the performance of the Alamouti code. The gain of distributed MISO is also conditioned by the utilization of SIMO or the Doppler frequency. In particular, the gain decreases with higher values of Doppler and when multiple antennas are used on the receiver side. As it is shown in Figures 5 and 6 , the gain of distributed MISO in some cases is negligible, and it may actually become negative, resulting in a performance loss compared to SISO.
The utilization of MIMO is expected to provide the major performance increase in next-generation broadcasting systems, and will be included for the first time in DVB-NGH (next generation handheld) [13] . Figure 7 illustrates the capacity curves of DVB-T2 for SISO, SIMO, MIMO based on the Alamouti code and MIMO based on spatial multiplexing. The capacity curve of DVB-T has been also placed for reference. According to the figure, MIMO based on spatial multiplexing provides the best performance across the entire range of CNR values. In this case, the gain of MIMO compared with SISO is about 5 dB for spectral efficiencies below 2 b/cell (e.g., 16QAM 1/2), and increases with higher efficiencies. For a spectral efficiency of 6 b/ cell (e.g., 256QAM 3/4), the gain of MIMO is around 9 dB.
TFS has also been proposed for next-generation broadcasting systems as a way to improve the system performance by means of better frequency diversity. When TFS is used, multiple RF channels in the UHF band are grouped together in the same multiplex. This allows extending the frequency interleaving so that it is possible to compensate the signal variations between channels. The resulting gain is closely related to the number of RF channels that are grouped in the TFS multiplex and their separation in the UHF band. In general, the gain increases with the number of RF channels. In Figure 7 , we show the probability density function (PDF) of the TFS gain over a set of field measurements. In each location, the TFS gain has been computed as the difference between the minimum and the average CNR value between channels. With two RF channels in the same TFS multiplex (see Figure 8) , the PDF follows an exponential distribution with a mean of 3.7 dB, whereas with more than two RF channels, the PDF resembles a Rayleigh distribution with a mean of 5.3 dB in the case of three RF channels, and with a mean of 6.4 dB in the case of four RF channels.
Coverage Extension of Mobile Services
The link margin gains computed in the previous section can be directly incorporated into the link budget, and thus they can be translated into an extended coverage of mobile services in DVB-T and DVB-T2 networks. This allows us to illustrate the advantage of diversity techniques in terms of network planning. Following the methodology described in [7] , the relative increase in the maximum distance (cell radius) supported for a given link margin gain, DL, is computed as
where a is the distance dependent propagation exponent (3.5 for a typical urban environment). Assuming a cell of circular shape, the gain in coverage area is equal to the square of the cell radius gain. In Table 2 , we present the link margin gain obtained by each diversity technique and the corresponding coverage extension. These values can be also interpreted as a reduction of the network infrastructure that is required to provide the same service area. From Table 2 , we can see that, in some cases, diversity techniques can double the coverage of mobile services. It should be pointed out that the values in Table 2 represent the highest gains that can be achieved with diversity techniques. For example, the improvement of time interleaving is conditioned by the user velocity so that the largest gain can only be achieved at very high speeds (144 km/h or more). Similarly, the performance of MIMO depends on the spectral efficiency, whereas the gain of TFS is conditioned by the number of RF channels grouped in the same multiplex. It is also important to notice that the gain of combining different diversity techniques may be lower than the sum of the individual gains. This is the case when the combined techniques exploit the channel selectivity caused by the same propagation mechanisms (i.e., multipath fading with time interleaving and SIMO).
Conclusion and Future Outlook
The incorporation of very robust FEC codes in secondgeneration broadcasting systems already achieves a performance very close to Shannon's limit in stationary channels. In order to achieve a significant performance increase in mobile channels, it is necessary to exploit the utilization of diversity in the time, frequency, and space domains.
The results presented in this article show that the combined use of time and space diversity in DVB-T and DVB-T2 systems can improve mobile reception in more than 10 dB. In DVB-T, the use of AL-FEC with interleaving durations longer than 1 s achieves important gains against shadowing. However, the gain of AL-FEC against fast fading is much more limited, and for interleaving durations lower than 1 s, it is preferable to employ a more robust configuration at the physical layer instead of using AL-FEC. Time interleaving in DVB-T2 can also provide gains up to 10 dB in mobile scenarios. In this case, time interleaving is performed at the physical layer and does not require the transmission of additional FEC parity as with AL-FEC. However, DVB-T2 does not support fast zapping at the physical layer, and thus the interleaving duration is limited in practice by the zapping time.
In the space domain, SIMO provides a gain between 4 dB and 6 dB depending on the time diversity. The improvement of distributed MISO is much more limited ( ), 1 dB 1 and in some cases it may actually result in a performance loss. In contrast, the utilization of MIMO can provide gains between 5 and 9 dB depending on the rate of information. In the frequency domain, the implementation of TFS anticipates gains of several dBs when it is performed across more than 2 RF channels.
In terms of network planning, diversity techniques can double the coverage area of mobile services. This also means that, for the same service area, the provision of mobile services can be performed with half as much the amount of infrastructure. These results confirm that the use of time, frequency, and space diversity by means of time interleaving at the physical layer, MIMO, and TFS is very important to achieve a significant improvement in next-generation broadcasting systems compared to second-generation systems like DVB-T2.
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